We have performed an R-matrix with pseudo-states (RMPS) calculation of electron-impact excitation in C 2+ . Collision strengths and effective collision strengths were determined for excitation between the lowest 24 terms, including all those arising from the 2s3l and 2s4l configurations. In the RMPS calculation, 238 terms (90 spectroscopic and 148 pseudo-state) were employed in the close-coupling (CC) expansion of the target. In order to investigate the significance of coupling to the target continuum and highly excited bound states, we compare the RMPS results with those from an R-matrix calculation that incorporated all 238 terms in the configurationinteraction expansion, but only the lowest 44 spectroscopic terms in the CC expansion. We also compare our effective collision strengths with those from an earlier 12-state R-matrix calculation (Berrington et al 1989 J. Phys. B: At. Mol. Opt. Phys. 22 665). The RMPS calculation was extremely large, involving (N + 1)-electron Hamiltonian matrices of dimension up to 36 085, and required the use of our recently completed suite of parallel R-matrix programs. The full set of effective collision strengths from our RMPS calculation is available at the Oak Ridge National Laboratory Controlled Fusion Atomic Data Center web site.
Introduction
In recent years, calculations using advanced close-coupling (CC) methods have clearly demonstrated the importance of coupling to the target continuum and high bound states on electron-impact excitation in atoms and ions. For example, calculations using both the convergent close-coupling (CCC) method and the R-matrix with pseudo-states (RMPS) methods have shown that these effects are large in the Li-like ions Be + [1] and B 2+ [2] . RMPS and time-dependent close-coupling (TDCC) calculations demonstrated that they are even larger in neutral lithium [3] , while RMPS calculations indicated that they persist in the more highly ionized species C 3+ and O 5+ [4] .
Of course, these effects are also important in more complex targets. For example, in He-like Li + , RMPS calculations [5, 6] reveal larger effects of coupling to the target continuum than are present in the corresponding Li-like ion. However, even in He-like ions, the size of the RMPS calculations becomes inflated because of the presence of both triplet and singlet terms in the pseudo-state basis used to represent the high bound states and the target continuum. The largest RMPS calculation for Li + by Ballance et al [6] , with (N + 1)-electron Hamiltonian matrices of dimensions up to 17 000, benefited significantly from the use of our parallel R-matrix programs.
Data for electron-impact excitation of C 2+ are of importance in the interpretation of both laboratory and astrophysical plasmas. For example, C 2+ data have been used at the EFDA-JET fusion experiment to model impurity inflow into the edge plasma from the surfaces with which the plasma interacts. The radiative transitions of primary importance are between levels of the 2s3l configurations [7] . However, collisional mixing with the 2s4l levels as well as radiative cascades from them are important factors. Thus, collisional data through n = 4 are needed for accurate modelling of the flux of impurities into the plasma.
To date, the most complete and accurate set of data for this ion is from a 12-state R-matrix calculation by Berrington [8] and Berrington et al [9] . The present study was initiated both to improve on the accuracy of the available excitation data for C 2+ , by including coupling to a larger number of bound states and the target continuum, and to extend the data to excitation to and between terms arising from the 2s4l configurations. However, performing an RMPS calculation on C 2+ is a much more formidable task than it is for a He-like ion; for such Be-like ions, one must not only include the pseudo-states associated with the singlet and triplet terms of the 2snl configurations, but also the singlet and triplet terms arising from the 2pnl configurations. For this reason, our parallel R-matrix codes were essential for the completion of the RMPS calculation on C 2+ , where the largest (N + 1)-electron Hamiltonian matrix had dimensions of over 36 000.
One purpose of the present study was to determine the importance of coupling to the target continuum and high bound states in this twice ionized species. In order to accomplish this, we have compared our RMPS results with those from a non-pseudo-state R-matrix calculation that included the same set of states in the configuration-interaction (CI) expansion of the target, but a much smaller set of spectroscopic states in the CC expansion. In addition we have also compared our RMPS results with those from the 12-term R-matrix calculation of Berrington et al [9] .
The remainder of this paper is organized as follows. In the next section, we discuss the spectroscopic and pseudo-states used to represent the bound and continuum target terms, as well as the details of our pseudo-state and non-pseudo-state scattering calculations. In section 3, we briefly describe our suite of parallel R-matrix programs. In section 4, we present the results of our calculations. Finally, in section 5, we summarize our findings and discuss their significance.
Description of the calculations

Target-state calculations
All the target orbitals in this calculation were generated using the program AUTOSTRUCTURE [10] . The spectroscopic orbitals (1s-5g) were determined from local potentials using Slater-type orbitals. The pseudo-orbitals were determined using the following procedure. We first generated a set of non-orthogonal Laguerre orbitals of the form
In this equation, Z = z + 1, where z is the residual charge on the ion, L 2l+1 n+l (λ l Zr) represents the Laguerre polynomial and N nl is a normalization constant. These Laguerre orbitals were then orthogonalized to the spectroscopic orbitals and to each other. The screening parameters λ l allow one to adjust the energy of the pseudo-states as well as the radial extent of the pseudoorbitals. In these calculations, the screening parameters were adjusted both to improve the agreement between the experimental and theoretical term energies for all terms through the 2s5l configurations, and to obtain a good distribution of pseudo-states above and below the ionization limit. The screening parameters for C 2+ were: λ ns = 1.10, λ np = 1.10, λ nd = 0.70, λ n f = 0.70 and λ ng = 1.30.
It should be noted here that it is more difficult to obtain accurate target states in such an RMPS calculation. When pseudo-states are employed only to improve the spectroscopic states of the target, one has much more freedom in the adjustment of these pseudo-states. However, here we also had to be concerned with the distribution of these states as a function of energy in order to obtain an accurate representation of the high bound and continuum states. Nevertheless, as we shall see in the next section, we were able to obtain a target representation that yielded overall good term energies as well as good agreement between oscillator strengths calculated in the length and velocity gauges.
Scattering calculations
The scattering calculations were performed with our parallel versions of the RMATRX I suite of programs, which will be described briefly in the next section. The CC expansion for the C 2+ RMPS calculation included a total of 238 terms, 90 of which are the spectroscopic terms arising from the configurations 2s 2 , 2s2p, 2p 2 , 2s3l, 2s4l, 2s5l, 2p3l, 2p4l and 2p5l. In addition, it included the 148 pseudo-state terms arising from the configurations 2snl with n = 6-12 and l = 0-4, as well as the configurations 2pnl with n = 6-8 and l = 0-4, where we employ the symbol n to represent pseudo-orbitals. Of the 148 pseudo-state terms, 134 lie above the ionization limit and are used to represent the target continuum.
For the inner region portion of the calculation, the size of the R-matrix box was 35.0 au and 50 basis orbitals were used to represent the continuum for each value of the angular momentum. The calculation with full exchange was performed for all L S partial waves up to L = 12. In order to improve on the accuracy of the calculation, the term energies were adjusted to the experimental values.
In the outer region, we employed 5120 energy mesh points in the energy range between the first excited term and the highest-energy term arising from the 2s5l configurations, leading to a mesh spacing of 5.28 × 10 −4 Ryd. We performed tests to be sure that this energy mesh was sufficiently fine so as to resolve all the dominant resonance contributions. Above this energy, we employed 160 mesh points up to a maximum energy of 14 Ryd, for a mesh spacing of 6.96 × 10 −2 Ryd. The long-range multipole potentials were included perturbatively in the outer region solutions for all partial waves.
In addition to the RMPS calculation, we also performed a 44-state R-matrix calculation without pseudo-states. In this case, the CC expansion consisted of the 30 terms arising from the 2s 2 , 2s2p, 2p 2 , 2s3l, 2s4l and 2s5l configurations, plus the lowest 14 terms arising from the 2p3l configuration. However, the CI expansion of the target states included all 238 terms that were employed in the RMPS CC expansion. The inner and outer portions of this calculation were identical to the RMPS calculation described above, except for the size of the CC expansion. In order to remove the pseudo-resonances attached to the 194 terms included in the CI expansion, but not the CC expansion, we employed the pseudo-resonance removal method described by Gorczyca et al [11] .
An L S partial-wave expansion up to L = 12, is not sufficiently complete for the determination of collision strengths up to an energy of 14 Ryd. However, for these high partial waves, the effects of electron exchange and coupling to the continuum are negligible. Thus, we performed a 44-term R-matrix calculation without exchange for all L S partial waves from L = 13-40. The CI expansion of the target states for this no-exchange calculation also included all 238 terms employed in the RMPS CC expansion. These high-L contributions were then topped-up as follows: the dipole-allowed transitions were topped-up using a method originally described by Burgess [12] and implemented here; the non-dipole transitions were topped-up assuming a geometric series in L, using energy ratios, with a special procedure for handling transitions between nearly degenerate levels based on the degenerate limiting case [13] . These high partial-wave contributions with top-up were then added to the results of both the 238-term RMPS and the 44-term R-matrix calculation with exchange.
For use in collisional-radiative modelling, our collisional data are presented in terms of effective collision strengths [14] , which are defined by the equation
where is the collision strength for the transition from term i to term j and j is the energy of the final scattered electron. We employ the integration technique of Burgess and Tully [15] to calculate the effective collision strengths.
Parallel R-matrix programs
The parallel R-matrix code used in the calculations for C 2+ consists of four stages. STG1 generates the orbital basis for the (N +1)-electron continuum and calculates all radial integrals. STG2 carries out the angular algebra calculations and generates the (N + 1)-electron matrix elements. STG3 reads the inner-region information from STG2 and diagonalizes the (N + 1)-electron Hamiltonian matrices for each L S partial wave. Finally, STGF is a modified version of Seaton's unpublished program, which solves the coupled equations in the external region using perturbative methods and matches to the R matrix on the inner-region boundary to generate the collision strengths. The parallel implementation for STG3 and STGF have been described in an earlier paper [16] .
For most standard R-matrix calculations, STG1 and STG2 run quite efficiently as serial codes. However, this is not true for a large RMPS calculation. The large basis set that must be employed to describe the bound and continuum target states in an RMPS calculation, combined with a large (N + 1)-electron continuum basis, leads to an enormous number of boundcontinuum and continuum-continuum radial integrals. For example, in the case of the present 238-term RMPS calculation for C 2+ , there are nearly 20 million bound-continuum integrals and 550 million continuum-continuum integrals to be calculated. Furthermore, the formation of the (N + 1)-electron matrix elements in STG2 also becomes quite time consuming. For this reason, we have now developed parallel versions of STG1 and STG2. Since most of the time in STG1 is spent calculating the bound-continuum and continuum-continuum radial integrals, it is these calculations that were distributed over the parallel processors. This parallelization was a significant challenge because it not only complicated the coding of STG1 but also the reading of the radial integral file in STG2. In the case of STG2, the distribution over individual processors was done by L S partial waves, and in the case of the C 2+ we divided the calculation so that each processor generated the (N + 1)-electron matrix elements for a single partial wave. Thus, the run time was determined by the largest (N + 1)-electron Hamiltonian matrix.
Further improvements were also made in our earlier implementation of STG3 so as to significantly reduce the memory requirements of this code. This is especially important for calculations as large as the present RMPS calculation for C 2+ . The (N + 1)-electron matrices ranged in size from 1268 up to 36 085. The time required for diagonalization scales as N 3 r , where N r is the dimension of the matrix. In this program, the Hamiltonian is partitioned by the processor and then diagonalized using ScaLAPACK routines. For a matrix as large as 36 000, we were interested to see how the diagonalization time would scale with the number of processors. This is shown in figure 1(a). As can be seen, the scaling is quite good, with the time decreasing roughly by a factor of two as the number of processors is doubled. For the present calculation, we employed 256 processors and the diagonalization time as a function of matrix size is shown in figure 1(b) .
The calculation in the outer region using the parallel version of STGF is distributed over processors by electron energy. Since the calculation at a particular energy is completely independent of those at other energies, this part of the calculation is ideally suited for parallel computing. In fact, if the time required to perform the calculation at each energy was the same, the problem would scale perfectly with the number of processors. Nevertheless, since the calculational time varies slowly with energy, it is possible to design the code so that the scaling with the number of processors is quite good. In the low-energy resonance region of the present calculation, where 5120 mesh points were used, the calculation was distributed over 256 processors. In future implementations of this program, we also plan to parallelize the matrix inversions needed for the generation of the T matrices from the K matrices. 
Results
In quite good, with an average deviation of 0.4%. The largest disagreement between theory and experiment occurs for the 2p 2 1 S term. The interaction of this term with the 2s 2 1 S ground term pushes it to higher energy. By adjusting the screening parameters used in our Laguerre pseudo-orbitals, we were able to improve the agreement between experiment and theory for this term. However, we were not able to obtain the kind of agreement that is possible with pseudo-orbitals generated for the sole purpose of improving the target structure, such as those employed by Glass [17] for this ion.
In table 2, we compare our length and velocity weighted oscillator strengths for a set of electric-dipole transitions in C 2+ to those of Glass using CIV3 [17] and those calculated from very large multi-configuration Hartree-Fock (MCHF) calculations by Froese Fischer and collaborators and available on the MCHF Collection web site 3 . The MCHF weighted oscillator strengths are the most accurate and can be considered benchmarks to which other calculations should be compared. In general, the agreement between our length and velocity values is good; in addition, with the exception of the some of the weaker transitions, our weighted oscillator strengths are also in reasonably good agreement with the MCHF values.
From our RMPS calculation and our R-matrix calculation without pseudo-states, we have generated collision strengths for excitation between the lowest 24 terms included in table 1. Originally, we had hoped to determine collisional data between all 44 terms listed in this table. However, we found that the collision strengths for a number of these upper terms contained large pseudo-resonances. This indicates that our Laguerre pseudo-state basis is not sufficiently complete to yield data for excitation to these higher energy terms that are comparable in accuracy to those for excitation between the lower 24 terms. However, the effects of pseudo-resonances are far less pronounced for excitation to the 2s5l terms than they [9] .
are for excitation to the higher energy 2p3l terms; this is not too surprising in light of the fact that we included 2pnl pseudo-states only through n = 8. To eliminate this problem one would probably have to extend these particular pseudo-states up to at least n = 10, and this would have added 48 terms to a calculation that is already extremely large.
In the top half of figure 2, we compare our RMPS and 44-term R-matrix collision strengths for the dipole-allowed transitions from the 2s 2 1 S ground term to the 2s3p 1 P and 2s4p 1 P terms. We see that the RMPS and R-matrix results for excitation to 2s3p 1 P are nearly identical, indicating that the effects of coupling to the target continuum and high bound states on this transition are negligible. However, for excitation to the 2s4p 1 P term, these effects are at the 40% level at an energy of 6 Ryd. In the bottom half of this figure, we compare the RMPS and R-matrix results for excitation from the ground term to the 2s3d 1 D and 2s4d 1 D terms. For the transition to the 2s3d 1 D term, the effects of coupling to the continuum and high bound states are approximately 20% at an energy of 6 Ryd, while for excitation to the 2s4d 1 D term at the same energy, they have increased to 50%. These results are quite similar to what was found for the 2s → np and 2s → nd excitations in Li-like C 3+ [4] . We also show in figure 2(c) the collision strength for the 2s 2 1 S → 2s3d 1 D transition from the 12-term R-matrix calculation of Berrington et al [9] . At 6 Ryd, their results are 30% above our 44-term R-matrix collision strength and 56% above our RMPS collision strength. In figure 3 , we compare our RMPS and 44-term R-matrix collision strengths for excitation from the 2s2p 3 P metastable term to the 2s3p 3 P, 2s4p 3 P, 2s3d 3 D and 2s4d 3 D terms. Unlike the dipole-allowed excitation from the ground term to the 2s3p 1 P term, the effects of coupling to high bound and continuum states on this non-dipole excitation to the 2s3p 3 P term are not negligible, differing by about 20% at 6 Ryd. Furthermore, they increase to 36% for excitation to the 2s4p 3 P. At the same energy, the dipole-allowed excitation to the 2s3d 3 D term shows the effects of coupling to the high bound and continuum states of about 16%, while these effects for excitation to the 2s4d 3 D are of the order of 30%. Although the above comparisons give some indication of the size of these effects for excitation to the 2s3l and 2s4l configurations, comparisons of effective collision strengths provide a more meaningful indicator, especially with respect to the application of these data to plasma modelling. However, the determination of accurate effective collision strengths at higher temperatures requires one to generate collision strengths for that part of the integration in equation (2) above the highest energy for which the collision strengths have been calculated. We employ an interpolation method to the infinite-energy limit in the determination of collision strengths, as discussed in detail in Whiteford et al [18] . However, for this method to be accurate, the reduced collision strengths r plotted as a function of reduced energy E r , as defined by Burgess and Tully [15] , should go in a smooth fashion to their infinite energy limits. In figures 4 and 5, we show reduced collision strength plots for a number of excitations from the 2s 2 1 S ground term and 2s2p 3 P metastable term, respectively. In these plots, the calculated reduced collision strengths at the infinite-energy limit occur at a reduced energy of one. There are some discontinuities in the slopes of these curves at the interface between the explicitly calculated collision strengths and the high-energy interpolations to the infiniteenergy limits. Nevertheless, these interpolations should be sufficiently accurate to allow us to calculate effective collision strengths at higher temperatures, where they are important to the integration in equation (2) .
In table 3, we compare effective collision strengths from our RMPS and 44-term R-matrix calculations with each other and with those from the 12-term calculations of Berrington et al [9] for all transitions from the 2s 2 1 S and 2s2p 3 P metastable terms to the 2s3l terms. The temperatures chosen for this table are those employed by Berrington et al [9] and are centred on the peak coronal abundance. In the last column of this table, we present temperature-averaged percentage differences between our RMPS and 44-term R-matrix results, as well as between the results from our RMPS calculation and the 12-term R-matrix calculation of Berrington et al [9] .
The first thing we notice in this table is that the differences between the RMPS and 44-term R-matrix results are relatively small, with the temperature-averaged percentage differences for Figure 5 . Reduced collision strengths from the present RMPS calculation versus reduced energy for excitation from the 2s2p 3 P metastable term to various excited terms. The upper graph is for dipole-allowed transitions and the lower plot for spin-allowed, non-dipole transitions. The upper term for each transition is designated above each curve. all transitions below 20% and an overall average percentage difference of only 8.5%. Thus, if one is only interested in transitions up through the 2s3l configurations, an R-matrix calculation that ignores the effects of coupling to the high bound and continuum target states is capable of providing results accurate to better than 20%. We notice that the differences between the RMPS results and the collision strengths from Berrington et al [9] are more substantial. However, it is rather surprising that, for the majority of these transitions, a 12-term calculation yields results that are within about 20% of those from a very large RMPS calculation and differ by more than 30% for only three of these transitions. This is probably due to the fact that the 12-term calculation ignores some coupling effects that would reduce the collision strengths, but does not include resonance contributions from recombination states attached to higher terms that would increase the collision strengths; these effects tend to cancel out and lead to better agreement with the RMPS calculation than one might expect.
In table 4 , we compare the effective collision strengths from our RMPS and 44-term R-matrix calculation for excitation from the ground and metastable terms to the 2s4l terms. As expected, the effects of coupling to the highly excited bound and target continuum states are more substantial for these transitions than they are for excitation to the 2s3l terms. The temperature-averaged percentage differences between these two calculations vary from 17 to 38%, with an overall average percentage difference of about 24%. Thus, if one requires Table 3 . Effective collision strengths for transitions from the 2s 2 1 S ground term and the 2s2p 3 P metastable term to the 2s3l terms in C 2+ . For each transition, the first row is from the present RMPS calculation, the second row is from the present 44-term R-matrix calculation and the third row is from the 12-term R-matrix results of Berrington et al [9] . In the last column, the second row contains the temperature-averaged percentage difference between the effective collision strengths from the present RMPS calculation and the present 44-term R-matrix calculation, while the third row contains the temperature-averaged percentage difference between the effective collision strengths from the present RMPS calculation and the 12-term R-matrix calculation of Berrington et al. collisional data for the transitions to the 2s4l terms with an accuracy of better than 20%, the effects of coupling to the target continuum must be included. In order to provide data for use in collisional-radiative modelling, we have generated effective collision strengths for all possible transitions between the lowest 24 terms of this Table 4 . Effective collision strengths for transitions from the 2s 2 1 S ground term and the 2s2p 3 P metastable term to the 2s4l terms in C 2+ . For each transition, the first row is from the present RMPS calculation and the second row is from the present 44-term R-matrix calculation. The last column is the temperature-averaged percentage difference between the effective collision strengths from the present RMPS calculation and the present 44-term R-matrix calculation. ion for temperatures between 1.8 × 10 3 and 4.5 × 10 6 K. These collisional data, along with electric-dipole allowed radiative rates, are now available at the Oak Ridge National Laboratory (ORNL) Controlled Fusion Atomic Data Center (CFADC) web site 4 .
Conclusions
We have completed a 238-term RMPS calculation of electron-impact excitation in C 2+ . This represents the largest R-matrix calculation to date for which the (N + 1)-electron Hamiltonian matrices ranged in size up to 36 085. A calculation of this magnitude was only possible with the use of our recently developed suite of parallel R-matrix programs and access to a massively parallel computer. These codes scale very well with the number of processors, and for this calculation we employed 256 processors for both the inner-region diagonalization and the solution of the problem in the asymptotic region.
In order to determine the magnitude of the effects of coupling to highly excited bound and target continuum states, we compared the results of the RMPS calculation to those from a 44-term R-matrix calculation without pseudo-states, in which the configuration-interaction target states were identical to those employed in the RMPS calculation. It was found that for excitation to terms of the 2s3l configurations, the error introduced by ignoring coupling to the target continuum and performing an R-matrix calculation without pseudo-states should be less than 20%. However, these effects are found to be more substantial for excitation to the terms of the 2s4l configurations.
The use of these parallel R-matrix programs will allow for more complete and accurate descriptions of electron-impact excitation in complex atomic species. However, additional efforts will be needed to try to develop ways in which the effects of coupling to the target continuum can be accurately represented using a reduced pseudo-state basis. Otherwise, these calculations will grow beyond a size that is practical, even with the use of massively parallel computers.
